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PREFACE 
This report on tlle decomposition of ~Jgae and tlle associated nutrient 
regeneration presents tlle results of tlle first part of a study entitled Algal 
Growtll and Decomposition: Effects on Water Qualitv, Pllase 2 (OWRR Project 
No. A-023-KY). Tlle results of Pllase 1 of tlle overall study llave been 
published as University of Kentucky Water Resources Researcll Institute 
Researcll Report No. 27 (Marcll 1970). A study on tlle factors affecting tlle 
rate and extent of oxygen demand by decomposing algae and a study to compare 
tlle extent of decomposition and nutrient regeneration of algae collected from 
central Kentucky surface waters with tllat of algae grown in laboratory batcll 
culture are underway and will complete tllis phase of tlle study. 
Tlle cooperation afforded the autllors during tllis study by Dr. Robert 
A. Lauderdale, Director of the University of Kentucky Water Resources 
lnstitute, is greatfully acknowledged. Tlle contributions to tlle project by 
Mr. Josepll Osborne, Miss Pat Miller, and Miss Nancy Crewe are also 
greatly appreciated. 
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ABSTRACT 
The decomposition and associated nutrient regeneration of three 
unialgal cultures and one mixed culture containing an indigenous population 
of bacteria and microscopic animals were studied under dark, constant-
temperature laboratory conditions. After periods of nutrient-deficient growth 
ranging from O to 30 days, these cultures were inoculated with decomposer 
populations and subjected to anaerobic and aerobic environments for the 
decomposition studies. The extend of decomposition was determined from the 
percentage volatile suspended solids and percentage particulate COD remaining 
after 200 days of decomposition. The average extent of decomposition was 
greater for aerobic than for anaerobic conditions. However, significant 
portions of the algae remained undecomposed in both cases. A fraction of the 
initial nitrogen and phosphorus was held within this refractory organic fraction, 
and the average extent of regeneration of both nitrogen and phosphorus was 
also greater for aerobic than anaerobic conditions. A correlation between the 
initial composition of algal matter and the extent to which it decomposed was 
made. The extent of both anaerobic and aerobic decomposition apparently 
increased with increasing protein and lipid content and decreased with 
increasing carbohydrate content. The mathematical model for predicting the 
extent of nitrogen and phosphorus regeneration proposed by previous researchers 
was further evaluated. Simplifications and various parameter assumptions were 
suggested. The critical nitrogen and phosphorus levels in the algae above 
v 
which excess regeneration occurred were 7% and 0. 7% by weight, respectively. 
KEY WORDS: *algae, *biodegradation, carbohydrates, *chemical composition, 
chlorophyta, cyanophyta, *cycling nutrients, *decomposing organic matter, 
*eutrophication, lipids, *nitrogen, *phosphorus, proteins. 
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CHAPTER I 
INTRODUCTION 
Algae are normal inhabitants of surface waters and are encountered in 
every water supply that is exposed to sunlight. Although more profuse in the 
summer months, algae may be found during the winter months, sometimes in 
large nllillbers, even under ice. The literature is saturated with information 
concerning eutrophic lakes throughout the country and the world that have been 
fertile reservoirs for algal development for many years. Such lakes in the 
United states are Lake Zoar in Connecticut, Lake Sebasticook in Maine, the 
Madison Lakes in Wisconsin, Lake Erie, the Detroit Lakes in Minnesota, 
Green Lake and Lake Washington in Washington, and Klamath Lake in Oregon. 
The introduction of pollutants, primarily excess nutrients, into lakes, 
streams, and estuaries by man have greatly accelerated the process of 
eutrophication. The major sources of nitrogen and phosphorus responsible for 
excess algal growth are municipal and industrial wastes and agricultural runoff. 
The presence of these nutrients may cause an algal bloom so dense that it 
imparts a greenish, yellowish, or brownish color to the water. The hastening 
of eutrophication by man's activities gives rise to a number of problems such 
as taste and odor in water supplies, filter clogging, disappearance of game fish, 
and interference with recreation. 
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The two aquatic environments emphasized in this research, in which algal 
decay might occur are (1) dark aerobic characterized by the presence of oxygen, 
and (2) dark anaerobic characterized by the absence of oxygen. The dark 
aerobic environment features an oxygen demand exerted due to algal respiration 
and decay, while within the dark anaerobic environment generally only algal 
death and decay take place. 
As a result of the decomposition of algal matter, nutrients are released 
to solution, subsequently becoming available for incorporation by other algal 
cells. Previous studies (~. 10, 11) have indicated that after decomposition a 
fraction of the algal matter containing nitrogen and phosphorus seems to remain. 
It is of interest to determine by some means the fraction of the initial nitrogen, 
phosphorus, and organic matter remaining after decomposition. 
The objective of this research was to study the extent of algal decomposition 
and nutrient regeneration as well as some factors affecting these phenomena. 
If a meaningful correlation between the initial characteristics and the 
refractory organic fraction of algal cultures can be found, it will allow the 
prediction of this refractory fraction from initially measurable parameters. 
This is important because the refractory fraction represents that portion of 
algal organic matter that does not significantly adversely affect the oxygen 
resources of surface waters under any conditions. 
Foree and McCarty (6) and Jewell and McCarty (5) have done previous 
work concerning anaerobic and aerobic decomposition and nutrient regeneration, 
respectively. However, this work was not co.nducted under identical experi-
- 2 -
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mental conditions and hence a r:igorous comparison of the results of the two 
studies may be unjustified. One objective of this study was to compare the 
anaerobic and aerobic decomposition and nutrient regeneration under experi-
mental conditions as nearly identical ;as possible. 
Phase one of this research project by Foree and Tapp (8) was concerned 
with algal composition changes with growth, primarily changes during the 
nutrient-deficient growth phase. An understanding of algal organic composition 
could possibly provide some suggestion of the extent of decomposition and 
nutrient regeneration. Identical cultures used by Foree and Tapp (8) were also 
used in this study; Samples, subjected to anaerobic and aerobic decomposition 
were in various stages ofnutrlent'-deficient growth. 
Foree, Jewell, and McCarty (6, 5, 33) have developed a mathmatical 
model for predicting the extent of nitrogen and phosphorus regeneration under 
both anaerobic and aerobic conditions. Another objective of this study was to 
evaluate this model, suggesting possible refinements and improvements. Work 
with this model was done with the aid of a digital computer so that a number of 
modifications could be made in a minimum time. 
If a means of predicting the extent of decomposition and nutrient regener~ 
ation of algal material could be determined with a reasonable degree of accuracy 
as well as an understanding of the environments conducive to these phenomena, 
then measures to control eutrophication and !ts related problems would be a 
step closer to reality. 
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CHAPTER II 
BACKGROUND 
A. Decomposition of Algae in Natural Settings 
1. Wastewater. Stabilization Lagoons. Wastewater stabilization 
lagoons are widely used for. the treatment of a great variety of wastes. A 
schematic diagram illustrating in a simplified manner the processes occurring 
in a typical wastewater stabilization pond is presented in Figure 2, 1. The 
assumption has been made that the incoming waste is raw domestic sewage or 
a similar organic waste containing both soluble organics and settleable organic 
solids (6). The anaerobic zone consists of benthal (bottom) deposits and may 
also extend upward from the bottom surface. The gravitational settling of 
incoming waste suspended solids, bacterial solids synthesized during the 
meta:bolism of the organic wastes, and algal solids synthesized during photo-
synthesis (6) make up these bottom deposits. The decomposition of complex 
organic materials by anaerobic processes is normally considered to be a two-
stage process. The first stage consists of a heterogeneous group of anaerobic 
and facultative bacteria, termed acid formers, which hydrolize, ferment, and 
biologically convert the complex organics (i.e. fats, proteins, and carbohydrates) 
to simple organic materials, primarily organic fatty acids (19). During the 
second stage the methane forming bacteria convert the organic fatty acids 
- 4 -
' 
"' 
:;J 
I>' 
[!l. 
ct> 
g 
" ct> 
~ 
. ·~-. 
FIGURE 2.1 Schematic Diagram Illustrating Major Processes Occurring in.a 
Typical Waste Stabilization Pond (After Foree and McCarty (6)). 
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(volatile acids) to the gases carbon dioxide and methane. Hydrogen, nitrogen, 
and hydrogen sulfide gases may also be formed under certain conditions. 
Soluble organics, primarily the volatile acids produced during anaerobic 
decomposition in the benthal deposits, may diffuse upward into the aerobic zone 
where they are susceptible to oxidation. This oxidation can create anaerobic 
conditions extending upward into the water. 
The green algae, Chlorella, Scenedesmus, and Chlamydomonas are 
the most common found in waste stabilization lagoons. Chlorella is a unicellular, 
non-motile genus; Scenedesmus is a non-motile genus with cells usually 
grouped in colonies of four; and Chlamydomonas is a unicellular, motile genus. 
Also often found in significant quantities is Euglena, a unicellular, motile 
genus from the class Euglenophyceae (6). 
2. Eutrophic Lakes. Eutrophication is a relatively new word in the 
vocabulary of many engineers and scientists. Eutrophication may be defined 
as the natural aging process of lakes due to topography, degree of fertility, 
sediment loads from mineral and organic solids, sub-surface geology, and 
weathering (20). Man's influence on the environment due to increasing 
urbanization and his changing life style has hastened the nutrient enrichment 
of many lakes resulting in increased biological activity. A body of water 
supporting relatively little biological life is referred to as being oligotrophic, 
while one containing an abundance of biologic activity is termed eutrophic. 
High rates of organic matter production in the upper layers of lakes 
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characterize advanced stages of eutrophication, As this matter settles to the 
bottom, it is aerobically decomposed so long as aerobic conditions are 
maintained. During summer or winter stratification, the entire hypolimnion 
(the lower zone of a thermally stratified lake) may also become anaerobic and 
the decomposition of organic material continues anaerobically as described 
previously. 
The primary algae responsible for large algal blooms in eutrophic lakes 
are almost all blue-green algae, which are members of the division Cynanophyta. 
The most common of the blue-green algae are Aphanizomenon, Anabaena, 
Oscillatoria, and Anacystis. Phormidium, Lyngbya, Gloeotrichia, and 
Coelosphaerium are genera which are also occasionally present in algal blooms (6). 
Mackenthun ~ ~- (31) found that as a result of municipal and industrial wastes 
entering Lake Sebasticook, Maine, during the last 15 years, large growths, 
primarily species of the blue greens Anacystis and Anabaena, have developed. 
Bozniake (32), in an investigation of population changes in lakes, found that 
the blue-green Anabaena flas aguae replaced green algae as they became 
enriched with nutrients. 
B. Perspective 
This study was similar to previous studies by Foree and McCarty (6) on 
anaerobic and Jewell and McCarty (5) on aerobic decomposition and nutrient 
regeneration by algae. However, these two studies were done under somewhat 
dissimilar· conditions which make the comparison of their results difficult, The 
objective of this project was to study algal growth, decomposition, and 
- 7 -
nutrient regeneration under as nearly identical experimental conditions as 
possible. The first phase of this project by Foree and Tapp (8) was concerned 
with the growth and chemical composition of algae. This study on phase two 
concerns the anaerobic and aerobic decomposition and nutrient regeneration of 
algae. 
A number of the dissimilarities of previous work (5, 6) should be 
mentioned. The preparation of the growth media was different for the 
anaerobic and aerobic research. Part of each study consisted of using natural 
water for the growth media. The water for the anaerobic study was used 
untreated. However, in the aerobic work elaborate measures of treatment 
were taken. The natural water samples were filtered and extensively aerated 
with subsequent additional treatment which will not be enumerated here. Also 
different synthetic media were used in the two studies. The chemical concen-
trations of the media were generally greater for the anaerobic than for the 
aerobic studies. A third difference in the two studies concerned the length of 
decomposition. The time of determination of the extent of decomposition varied 
in Jewell and McCarty's (5) work while Foree and McCarty (6) determined the 
extent of decomposition at 200 days in all their cultures. Finally, different 
species of algae were generally used in the two projects. 
The same cultures used in Foree and Tapp's (8) work were used in this 
study on decomposition, consisting of three representative unialgal cultures 
and a mixed culture. Since identical cultures grown under identical conditions 
- 8 -
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were subjected to anaerobic and aerobic decomposition, comparisons should 
be justified. 
C. Organic Decomposition of Algae 
1. Chemical Composition of Algae. A discussion of the comprehensive 
chemical composition of algae was presented by Foree and Tapp (8) in which 
elemental and organic composition as well as variations in chemical composition 
were discussed. The major constituents comprising the elemental composition 
of algal mass are generally considered to be carbon, hydrogen, oxygen, and 
nitrogen. These four elements comprise the fraction of the total dry weight of 
algal solids which volatilizes during combustion at about 600°C (1) and is 
reported as the volatile solids. This fraction normally represents 85-95% of 
the total dry weight of freshwater green and blue-green algae and is a good 
measure of the organic portion of algal matter. 
The inorganic fraction, normally representing the portion which does not 
volatilize during combustion is termed the ash and usually represents 5-15% of 
the total dry weight of freshwater green and blue-green algae. The ash, a good 
measure of the inorganic portion of algal matter, contains the minor constituents 
which includes all elements other than C, H, 0, and N. 
Proteins, carbohydrates, and lipids comprise the majority of the 
organic portion of algal material. However, chlorophyll and extracellular 
products can comprise a significant amount of the total organic matter (8). 
2. Aerobic Decomposition of Algae. The general mechanisms for the 
synthesis and decomposition of algal protoplasm in aerobic and anaerobic 
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waters have been depicted in Figure 2. 1. Under dark-aerobic conditions algae 
may decompose by two general mechanisms, both resulting in depletion of 
oxygen from the surrounding medium: respiration by viable algal cells and 
decomposition by predator organisms. After a relatively short period of 
time under dark-aerobic conditions most algae die and thus are no longer able 
to carry on respiration. Thus for long-term decomposition as to be investigated 
in this study, decomposition by predator organisms is the more significant 
mechanism. While microscopic and higher animal forms may attack viable 
as well as dead algal cells, previous studies have indicated that viable algal 
cells are generally not susceptible to attack by bacteria. In this study, the 
algal cultures will be inocculated prior to decomposition with a heterogeneous 
population of bacteria and microscopic animals and these will be collectively 
referred to as the "decomposers". The action of these decomposers on algae 
may be depicted in a general way by the following expression: 
Algal Protoplasm (C, H, 0, N, P) + o
2 
Decomposers ) co
2 
+ 
H
2
0 + NH
3 
+PO~+ Decomposer Protoplasm (C, H, 0, N, P) (2. la) 
It can be seen that a portion of the carbon, nitrogen, and phosphorus initially 
incorporated in the algal protoplasm is regenerated as inorganic forms while 
another portion is incorporated into decomposer protoplasm synthesized as a 
result of the reaction. The degree to which this reaction proceeds and to which 
decomposer synthesis occurs under long-term decomposition conditions 
determines the extent of organic decomposition and nitrogen and phosphorus 
regeneration as investigated in this study. 
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Equation 2. la shows nitrogen being regenerated as ammonia nitrogen. 
Under favorable aerobic conditions, this may be further oxidized to nitrite and 
finally to nitrate nitrogen by autotrophic bacteria. However, this is not true 
for anaerobic regeneration as depicted in Equation 2. lb, Here the nitrogen 
remains in the ammonia form. 
3. Anaerobic Decomposition of Algae. The decomposition of algae 
under dark-anaerobic conditions proceeds in the same general manner as 
described above for dark-aerobic decomposition. The differences are that 
different biochemical mechanisms and decomposer populations are involved. 
As previously indicated, the mechanism responsible for the decomposition of 
algal protoplasm in most natural waters is methane fermentation. Methane 
fermentation is a two-step process brought about by two somewhat distinct 
groups of anaerobic heterotrophic bacteria. Few microscopic animals are 
significant in the decomposition of organics under anaerobic conditions. The 
anaerobic "decomposers" referred to in this study will be comprised of a 
heterogeneous population of anaerobic bacteria. The decomposition of algal 
protoplasm by methane fermentation may be depicted in a general way by the 
following expression: 
Algal Protoplasm (C, H, 0, N, P) :: H20 
Anaerobic 
bacteria 
) 
co
2 
+ CH
4 
+ NH
3 
+ PO~ + Bacterial Protoplasm (C, H,O,N, P) (2. lb) 
The degree to which this reaction proceeds determines the extent of organic 
decomposition and nitrogen and phosphorus regeneration which occurs under 
anaerobic conditions. 
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If electron acceptors such as nitrates and sulfates are present in signifi-
cant concentrations, decomposition may occur by other biochemical mechanisms 
such as nitrate or sulfate reduction with the products shown in the last line in 
Figure 2.1. 
4. Quantity of Algae Decomposed. There is some controversy concern-
ing the degree of decomposition which algae will undergo. Under aerobic 
conditions, many believe algae are nearly 100% biodegradable (9), while others 
(10, 11) assume algal organic material, bacterial and microscopic animal 
organic material are all similar and consequently will have a similar proportion 
available for biological decomposition. Jewell and McCarty (5) cite references 
indicating that from 20 to 25% of the synthesized bacterial and microscopic 
animal organic matter is non-biodegradable and found themselves that an 
average of 50% of the total suspended solids remained after aerobic decomposition 
of several different algal cultures had ceased. Additional studies were reported 
(5) which also indicated that the fraction of algal material which is non-biode-
gradable appears quite high. 
Similar conclusions with respect to anaerobic decomposition may also 
be drawn. Research on the anaerobic decomposition of algae by Foree and 
McCarty (6) indicated that 40% of the volatile suspended solids remained after 
200 days decomposition. Hence, a significant portion of algal material seems 
to be non-biodegradable under both anaerobic and aerobic conditions. 
5. Algal Age and Decomposition. Some research indicates that algal 
age may be an important factor with respect to the decomposition of algae. 
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Age generally refers to time of growth or decay under a given set of conditions 
and more specifically in this report will define the time of nutrient-deficient 
growth. It is generally assumed that algal age, nutrient depletion, and the 
reduction in cell division are interrelated (5, 8). 
Algal composition seems to be the most apparent change related to age 
in algal cultures. Collyer and Fogg (14) reported increased lipid concentrations 
from 10% in young cells to more than 80% of the dry weight in older cells. 
Phase one of this project by Foree and Tapp (8) indicated that the lipid content 
of Chlorella increased rapidly with age, while the lipid content of Anabaena 
and Kentucky Mixed seemed to increase to a peak then decrease to zero. 
However, Scenedesmus synthesized practically no lipid- material but did 
synthesize considerable amounts of carbohydrates. 
The production of extracellular material seems to be related to age as 
evidenced by Lewin (15) who reported that 20 to 50% of the total organic matter 
was given off by young green algae. As algal cultures age the mucilage content 
has been reported to increase to 40 to 60% of the total organic matter in older 
cultures. 
Fogg (16, 17) reported a rapid decrease in photosynthesis and respiration 
rates as algal cultures age in the light with little corresponding decrease in cell 
mass. Studies indicate that photosynthesis varies from a maximum of 100% in 
young cells of O to 4 days to a constant of 35% of its initial value in 20 days. 
Respiration also varied from 100% to a constant value of about 40% over the 
- 13 -
same time period (5). 
Foree and Tapp (8) report that the algal mass in the Scenedesmus 
culture began to decrease after 15 days nutrient-deficient growth, a phenomena 
which did not occur with Chlorella and Anabaena. 
These studies indicated as did Jewell and McCarty's (5) that the age of 
an algal culture has a considerable effect on its biodegradability, and tl:tat 
generally biodegradability decreases with age. 
D. Nutrient Regeneration from Decomposing Algae 
A natural nutrient removal system exists in nature in the form of lakes 
and ponds. Mackenthem (12) reports that soluble nutrient removal varies from 
40 to 80% for nitrogen and 70 to 80% for phospl:torus on an annual basis. The 
nutrients are removed from the water and stored in algal cells. Tl:tese cells 
may or may not be transported to some other location where they decompose, 
releasing nutrients subsequently available for additional algal growth. 
Occasionally periods of rapid algal growth are encountered resulting in algal 
blooms which may reoccur. This ability to produce blooms is a major concern 
of engineers interested in water quality. 
1. Quantity of Nitrogen and Phosphorus Regenerated. Nitrogen and 
phosphorus have been found by many researchers to be growth-limiting nutrients 
for algae in a variety of natural waters. However, considerable disagreement 
exists concerning which is the growth-limiting nutrient. Many researchers 
such as Sawyer (23, 30) propose that phosphorus is growth-limiting while 
others (24) believe nitrogen is the growth-limiting nutrient. The proponents of 
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phosphorus as growth-limiting do not claim it to be the sole or primary cause 
of eutrophication but since it is usually present in the smallest concentration 
relative to need of freshwater algae, it is a "key element" in the problem of 
eutrophication (36). Megard (25), in his studies of Lake Minnetonka, Minnesota, 
discovered that phosphorus was the critical nutrient for algae during the summer 
but was not limiting in the spring, when another substance, possibly nitrogen, 
was limiting. Consequently, the nutrients nitrogen and phosphorus are import-
ant with respeci to algal growth. The regeneration of these nutrients during 
decomposition of algal matter and their subsequent availability for further algal 
growth underlines the basis for this study. 
A review of the literature by Jewell and McCarty (5) indicated that three 
stages of regeneration exist: (1) Immediately after subjecting algae to a dark 
environment, either a release to or absorption from solution, or a release 
followed by an absorption of nutrients occurred within the first 24 hours. 
(2) This stage was followed by a stationary stage lasting for several days. 
(3) The final stage, lasting for several hundred days, consisted of active nutrient 
regeneration with a net release of nutrients to solution (33). 
An important mechanism by which nutrients may be regenerated during 
the decomposition of algae is the release of soluble nutrients by viable algal 
cells. This mechanism is important when an algal cell prior to entering a 
dark environment has undergone "luxurious uptake" of nutrients during growth. 
Foree and Tapp (8) defined luxurious uptake as the ·incorporation of nutrients 
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into cellular protoplasm at levels greater than those necessary for growth. A 
number of researchers including Gerloff and Skoog (24) have demonstrated the 
luxurious uptake of nitrogen and phosphorus by algae. Foree and McCarty (6) 
indicated that the luxurious uptake occurs more often in natural environments 
for phosphorus than for nitrogen. Kuhl (26) discovered that algal cells accumu-
lated phosphorus during periods of light only to release part of it to solution 
during periods of darkness, indicating the ease in which phosphorus can be 
exchanged with the surrounding medium. Levin (27) indicated that activated 
sludge organisms, which had undergone prior luxurious uptake of phosphorus, 
could be provoked into releasing a considerable amount of the accumulated 
phosphorus upon introduction to an anaerobic environment. Therefore, indica-
tions are that the degree of luxurious uptake of nutrients during growth of 
algal cells has a direct and significant bearing on the amplitude and rate of 
nutrient regeneration. 
With respect to anaerobic environments, Hutchinson (28) reported that 
the degree of o:xidation of the mud-water interface or the amount of decomposing 
falling plankton in the hypolimnion determined the time of the most rapid rise 
in ammonia nitrogen. Mortimer (29) determined that upon the establishment of 
anaerobic conditions, the concentration of ammonia nitrogen increased sharply. 
In eutrophic lakes, Hutchinson (28) indicated that the soluble phosphorus 
concentration increases with oxygen-deficiency in the hypolimnion. Indications 
are that this is due to the release of phosphorus from bottom sediments upon 
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the onset of anaerobic conditions. This phenomenon is due to the failure under 
anaerobic conditions of ferrous iron to be oxidized to ferric iron which forms 
insoluble precipitates with phosphates. Hence phosphorus may be prohibited 
from entering solution in aerobic but not anaerobic environments. 
Jewell and McCarty (5) cited aerobic studies which reported that from 
16 to 35% of the initial particulate nitrogen was not regenerated for a variety of 
phytoplankton in both ocean water and fresh water, and other studies reported 
that approximately 33% of the initial particulate phosphorus was not regenerated, 
The extent of both nitrogen and phosphorus regeneration has been found to be 
approximately the same for both anaerobic and aerobic environments (5, 6). 
Jewell and McCarty (5) reported that the percentage of the initial nitrogen and 
phosphorus remaining after aerobic decomposition had essentially ceased was 
50 and 52%, respectively. Foree and McCarty (6) reported 60% nitrogen and 
40% phosphorus remaining after 200 days of anaerobic decomposition. An 
important result of these studies was that when nutrient regeneration processes 
cease, a significant portion of the particulate nitrogen and phosphorus remained 
in the refractory material. 
2. Types of Regeneration. During the anaerobic and aerobic decompos-
ition of algae, the important nutrients nitrogen and phosphorus are released to 
solution (regenerated). Various mechanisms in nature such as seasonal turn-
overs recirculate these nutrients to environments favorable for algal growth. 
The initial nutrient content of algal cells upon the beginning of decompos-
ition distinguishes two types of nutrient regeneration, termed proportional and 
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excess (33). When the initial nitrogen or phosphorus content is below some 
critical level, the nutrients are relatively tightly bound in the algal cells and 
proportional regeneration is believed to occur, Foree and Tapp (8) discussed 
the excess or luxurious incorporation of nutrients by algae at a concentration 
greater than critical. When excess nutrients are present at the onset of 
decomposition, then excess regeneration is believed to occur since the nutrients 
are relatively loosely bound to the algal cells. With proportional regeneration, 
"the nutrient concentration in the algal cells is assumed to remain constant 
during decomposition, and regeneration is proportional to the degree of 
decomposition.of the cellular organic matter." However, in the case of excess 
regeneration "the nutrients in excess of the critical level are released to 
solution independently of organic matter decomposition and the nutrient 
concentration in the algal cells is assumed to remain constant and equal to 
the critical level" (33). 
3. Development of Model to Describe Nutrient Regeneration, A 
summary of the nomenclature to be used in the subsequent theoretical develop-
ment and presentation of results is presented in Table 2. L Subscripts .2, E., and 
g_ indicate initial, refractory, and regenerated fractions, and ~ and £. indicate 
constituents associated with the algal and decomposer populations, respectively. 
By coupling the above hypothesis with the nutrient uptake by decomposer 
organisms, Foree ~ 1Y· (5, 6, 33) have developed a method to predict the 
extent of nutrient regeneration during anaerobic and aerobic decomposition. 
The following assumptions are made in relation to the model (33): 
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<:, 
Abbreviation 
M 
s 
N 
%N 
p 
%P 
% LI 
%PR 
% CA 
TABLE 2,1 
Abbreviated Symbols 
Definition 
Particulate Chemical Oxygen Demand Concentration 
Volatile Suspended Solids Concentration 
Particulate Nitrogen Concentration 
Nitrogen Content of Particulate Material 
expressed as a percentage of S 
Particulate Phosphorus Concentration 
Phosphorus Content of Particulate Material 
Particulate Lipid Concentration expressed 
as a percentage of S 
Particulate Protein Concentration expressed 
as a percentage of S 
Particulate Carbohydrate Concentration 
expressed as a percentage of s 
Means of Determination 
Calculated as difference 
between measured total 
and soluble COD cone. 
Direct Measurement 
Calculated as difference 
between measured total 
and soluble Kj eldahl 
nitrogen concentrations. 
Calculated as 100 (N/S) 
Calculated as difference 
between measured total 
phosphorus and total soluble 
phosphorus concentrations. 
Calculated as 100 (P /S) 
Equation 2. 10 
Equation 2, 9 
Equation 2. 11 
Abbreviation 
-
R 
fl 
f2 
fnd' fpd 
I 
N) f f 
0 na' pa 
f 'f nc pc 
f ,f 
no po 
N,P 
g g 
N,P 
0 0 
N,P 
r r 
TABLE 2.1 (continued) 
Abbreviated Symbols 
Definition 
Ratio of decomposer COD to volatile solids, Md/sd 
Fraction of algal COD synthesized by decomposers, Mi-~Ma 
Fraction of synthesized decomposer COD remaining, 
-Mrif1Ma 
Nitrogen, phosphorus content of decomposers as a fraction 
ofSd, Nd/Sd, Pisa 
Nitrogen, phosphorus content of algae as a fraction of S , 
ws.~s a 
a a 
Critical nitrogen, phosphorus content of algae above 
which excess regeneration occurs as a fraction of S 
a 
Initial nitrogen, phosphorus content of algae as a 
fraction of S , N /S , P /S 
a o a o a 
Concentration of nitrogen, phosphorus regenerated 
Initial nitrogen, phosphorus concentration 
Refractory nitrogen, phosphorus concentration 
Means of Determination 
Assumed 
Assumed 
Equations 2. 6 and 2. 7 
Direct Measurements 
Direct Measurements 
1) The initial decomposer mass is negligible relative to the initial 
2) fnd' fpd remains constant during decomposition. 
3) The decomposer mass (LI.Md) synthesized during decomposition is 
directly proportional to the decrease in algal mass (- LI. M ) . a 
4) The fractional nitrogen, phosphorus content of undecomposed algae 
at any time is dependent upon the type of regeneration: 
a. Proportional regeneration (f s f , f sf ) no nc po pc 
f = f 
na no 
f = f 
pa po 
b. Excess regeneration (f > f , f ;, f ) no nc po pc 
f = f 
na nc 
f = f 
pa pc 
If M, S, N, and P are assumed to be associated with only algae and 
decomposers, then a mass balance may be written for both N and P with 
respect to proportional and excess regeneration. The following equations 
provide a means of calculating the nitrogen and phosphorus concentration 
remaining in the refractory material. 
For proportional regeneration the nitrogen (N ) and phosphorus (P ) 
r r 
remaining in the refractory may be expressed as follows: 
N = 
r 
(M - M ) (f d - f ) + S f o r n no r no 
- 21 -
(2. 2) 
fl f2 
P = (M - M ) (f - f ) + S f r R(l - f/
2
) o r pd po r po 
(2. 3) 
For excess regeneration the nitrogen and phosphorus remaining in the 
refractory may be derived to as follows: 
N = 
r 
p = 
r 
(M - M ) (f d - f ) + S f o r n nc r nc 
(M - M ) (f d - f ) + S f o r p pc r pc 
The concentrations of nitrogen and phosphorus regenerated may be 
(2. 4) 
(2. 5) 
determined as the difference in the initial concentration and that remaining 
as follows: 
N N -N 
g o r 
(2. 6) 
p = p - p 
g o r 
(2. 7) 
4. Model Parameters. There are a number of parameters (R, f
1
, f
2
, 
fnd' fpd' fnc' and fpc) which must be determined in order to apply the model 
to a given situation. Based on the results of previous research coupled with 
a knowledge of the environmental conditions, estimates of these parameters can 
be made. A review by Foree, Jewell, and McCarty (33) indicated the values 
presented in Table 2. 2 to be representative for the parameters listed. 
For anaerobic conditions f
1 
is sensitive to the type of decomposing 
substrate and may be determined by the following expression developed by 
Foree and McCarty (6): 
f
1
= (0.37 - O. 89 f )(S /M) - O. 061 
no o o 
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(2. 8) 
TABLE 2.2 
Summary of Nutrient Regeneration Parameters 
Decomposition Conditions 
Parameter Aerobic Anaerobic 
R 1. 42 1. 22 
0.50 Equation 2. B 
0.20 0.50 
0.070 0.107 
0.014 0.010 
The algal growth rate becomes constrained at a nutrient concentration 
considerably below the luxurious level which is termed the "critical" cellular 
nutrient concentration. Foree, Jewell, and McCarty (33) indicated critical 
levels for nitrogen and phosphorus of approximately 3 to 5% and 0. 3 to O. 5% 
by weight, respectively. 
The value of f
2
, which is the fraction of synthesized decomposer COD 
remaining as refractory material, is difficult to determine due to the small 
amount of previous research. It would be of interest to determine just how 
sensitive the model is to assumed values of f
2
. 
Due to the difficulty in assuming appropriate values of R, f1, f2, fnd' 
and fpd' simplifications would be beneficial. It seems probable that the values 
of fnd' fpd' and R for both anaerobic and aerobic conditions may be assumed 
equal, since their values are relatively close. Another possible simplification 
concerns f
1 
and f
2
. For aerobic conditions, good assumptions are: f
1 
= 0. 5 
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and f
2 
= O. 2 (Table 2. 2). For anaerobic conditions, a good assumption for f
2 
is 0, 5 while the calculated values for f
1 
range from 0. 07 to 0. 28 with an 
average near 0. 20. Thus the product f
1
f
2 
seems to be relatively constant 
(about 0. 1) for both anaerobic and aerobic conditions. Since f
1 
and f
2 
always 
appear in the model as a product, if a constant value ior their product could be 
established the model would be further simplified. 
E. Calculation of Algal Composition 
Since the extent of decomposition and nutrient regeneration is believed 
dependent upon algal composition, a reliable method to estimate the protein, 
lipid, and carbohydrate content is needed. The method described and used by 
Foree and McCarty (6) will also be employed in this study. The expressions 
used to calculate the protein (%PR), lipid (%LI), and carbohydrate (%CA) 
content as a percentage of S are as follows: 
% PR = 6. 25(%N) = 625(N/S) 
% LI = 55. S(M/S) - 0. 24(%PR) - 59. 8 
% CA = 100 - %LI - %PR 
F. Summary 
(2. 9) 
(2. 10) 
(2. 11) 
The background material presented previously indicated the importance 
of the anaerobic and aerobic decomposition of algae. Reference was made to 
the chemical composition of algae, both elemental and organic. It would be 
beneficial if a correlation between initial algal composition and extent of 
decomposition and nutrient regeneration could be determined. According to 
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Spoehr and Milner (7) and Foree and McCarty (6) the algal composition varies 
with the environmental conditions of growth. Consequently, these conditions 
must remain comparable in order to obtain reproducable results and justified 
comparisons between anaerobic and aerobic decomposition. Such was the 
case in this study. 
It was pointed out that both nitrogen and phosphorus are important as 
promoters of algal growth. A discussion on nutrient regeneration indicated that 
additional study is needed in order to determine if the type of environment 
(anaerobic or aerobic) in which decomposition occurs has an effect on the 
extent of decomposition and nutrient regeneration. In this research anaerobic 
and aerobic decomposition will be studied with all other conditions identical. 
Consequently, a comparison between these two environments should be able 
to be justifiably made. 
Certain parameters and simplifications for the mathmatical model for 
the prediction of the extent of nutrient regeneration developed by Foree, Jewell, 
and McCarty (5, 6, 33) need to be explored. Such an evaluation will be made 
in this study. 
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CHAPTER III 
EXPERIMENTAL PROCEDURE 
The purpose of this section is to describe the experimental procedures 
and equipment used in the various stages of this study. The procedures for 
the specific analytical analyses used are described in the next section entitled 
"Analytical Procedures". 
A. Growth Procedure 
Algal cultures were provided for the decomposition studies by growing 
algae in the laboratory under controlled conditions. These algal cultures were 
allowed to decompose aerobically and anaerobically in the same media in which 
they were grown. 
1. Culture Vessels. Four 9-liter pyrex bottles with lower sampling 
nodules (see Figure 3.1) were used to grow the algal cultures. An air-carbon 
dioxide mixture was supplied to the growing algae by a section of glass tubing 
extending to within one inch of the bottom of the vessel. The shorter piece of 
glass tubing which served as a pressure release for the systen contained a 
piece of cotton in the upper end to minimize contamination and evaporation 
from the vessel. These vessels sat on magnetic stirrers which provided 
continuous agitation by a rotating magnetic stirring bar during growth. The 
sampling port consisted of a No. 8 stopper sealed to the lower sampling nodule 
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FIGURE :J. 1 Diagram of Culture \TC'ssel. 
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with silicone rubber with a piece of glass tubing extending from it. When the 
sampling port was not in use, it was closed with a 11 Castaloy11 hosecock clamp. 
All outside contacts between glass tubing and rubber stoppers were sealed with 
silicone rubber. 
2. Light. Continuous light was supplied to the algal cultures by four 
horizontally supported 40 watt Cool White fluorescent lamps. The light 
intensity, measured at the outside surface of the culture vessels with a light 
meter, was approximately 500 foot-candles. 
3. Gas Mixture and Supply System. A carbon source for the algae 
was continuously supplied to the growing cultures by bubbling an air-carbon 
dioxide mixture at a rate of approximately 2. 5 liters per minute per culture (8). 
By maintaining the carbon dioxide concentration at approximately 2% by volume, 
the pH of the growth medium was kept in the range of 6. 5'to 7. 5. 
The source of the gases were the laboratory compressed air supply and 
pure bottled carbon dioxide. The air and carbon dioxide were supplied to each 
of the culture vessels by a system consisting of glass T's, rubber tubing, and 
Nalgene twistcock connectors as shown in Figure 3. 2. A Castaloy clamp was 
placed on the tubing leading to each culture vessel on each side of the Nalgene 
connector. Flow was regulated to the culture vessel by the clamp nearest 
the vessel. The purpose of the other clamp was to stop flow to the vessel 
when it had to be removed from the system for manual shaking. 
4. Temperature. A thermostat maintained at approximately 21 ° C 
controlled the temperature in the room containing the growing cultures. 
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5. Culture Media. The same synthetic medium was used to grow all the 
algal cultures and was designed to approximate a typical nutrient-enriched 
surface water. The chemical composition of the synthetic growth medium 
(Table 3.1) was similar to that of the FMB medium used by Foree and McCarty 
(6). The synthetic medium was prepared by adding appropriate volumes of 
previously prepared concentrated solutions to distilled water and then diluting 
to an appropriate volume. 
TABLE 3.1 
Chemical Composition of Synthetic Growth Medium 
Chemical 
MgS0
4
·7H
2
0 
CaC1
2 
NaHC0
3 
KHC0
3 
KH2P04 
NH
4
Cl 
Fe, B, Mn, Mo, Si 
Zn,Cu,Co,Ni,Cr,V 
EDTA 
KO ff 
Concentration (I)'lg/1) 
45 
55 
500 J 200 
16.86 
95.5 
0.1 
0.01 
2.0 
1. 0 
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Comments 
398 mg/1 
Alkalinity as caco
3 
3. 83.mg/l P 
25.1 mg/1 N 
Added as 1 ml 
trace element 
solution per liter 
of growth medium 
• 
• 
6, Inoculation. Four growth vessels were provided with the growth 
medium in which the algal cultures were grown. These vessels were inoculated 
with either of the unialgal cultures Chlorella, Scenedesmus, or Anabaena 
obtained from Indiana University (35) or a culture obtained from a farm pond 
in Kentucky, termed Kentucky Mixed. The unialgal cultures contained bacteria 
but no microscopic animals. The Kentucky Mixed culture contained a hetero-
geneous population of microscopic animals as well as bacteria and algae. 
Just prior to decomposition, the samples were seeded in order to supply 
an abundance of decomposer organisms. Those samples subjected to aerobic 
decomposition were each inoculated with 2 ml of activated sludge mixed liquor. 
The samples to undergo anaerobic decomposition were each inoculated with 
2 ml of anaerobic digester supernatant. 
B. Aerobic Decomposition Studies 
1. Apparatus. At predetermined time periods samples were taken 
from the growth vessels, placed in 2-liter pyrex reagent bottles used as 
decomposition vessels, inoculated with 2 ml activated sludge mixed liquor, 
and housed in complete darkness in a constant temperature room at 20° C. The 
vessels containing the samples were weighed and the weight recorded on the 
side of the vessel. The aerobic decomposition vessels were fitted with two-
hole rubber stoppers with two glass tubes. The inlet tube extended to within 
one inch of the bottom of the vessel. The shorter piece of glass tubing which 
served as a pressure release for the system contained a piece of cotton in the 
upper end to minimize contamination and evaporation from the vessel. The 
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compressed air which was supplied to the system was first bubbled through 
distilled water to saturate the flow and help reduce evaporation losses (see 
Figure 3. 3). 
2. Sampling of Aerobic Units. The following procedure was employed 
for the sampling of a typical aerobic unit: 
1) The unit was removed from the dark constant temperature room 
and enough distilled water was added to bring the vessels weight up 
to the last recorded weight on the vessel. 
2) The contents of the unit were vigorously stirred manually to make 
sure no algae adhered to the side of the vessel. 
3) The unit was placed on a magnetic stirrer and the contents stirred 
for approximately two minutes. 
4) With stirring continuing, two samples were withdrawn from the unit. 
The first sample of approximately 100 ml was placed directly into 
a plastic bottle and designated the total sample, A second sample 
of approximately 150 ml was withdrawn into a 250 ml centrifuge 
bottle and centrifuged for about 30 minutes on an International 
Equipment Company Waltham Centrifuge. The supernatant was 
then filtered through Whatman glass pads using a Millipore Filter 
Apparatus. The filtrate was collected and placed in another plastic 
bottle and designated the soluble fraction, 
5) Both the total and soluble samples were then placed in a freezer at 
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-30°C and kepi frozen until analyzed. Immediately prior to analysis 
the samples were thawed at +4°C in a refrigerator. 
C. Anaerobic Decomposition Studies 
1. Apparatus. At predetermined time periods samples were taken 
from the growth vessels, inoculated with 2 ml of anaerobic digester supernatant, 
placed in 2-liter pyrex reagent bottles used as decomposition vessels, and 
housed in complete darkness in a constant temperature room at 20°C. See 
figure 3. 4 for a schematic diagram of a typical vessel. These vessels were 
fitted with two-hole rubber stoppers with two glass tubes. One tube extended 
to within one inch of the bottom of the vessel while the other short tube served 
as a pressure release. Glass to rubber contacts were sealed with silicone 
rubber. Rubber tubing was connected to the two glass tubes and clamped with 
a "Castaloy" hosecock clamp. 
2. Sampling of Anaerobic Units. The following procedure was employed 
for the sampling of a typical anaerobic unit: 
1) The unit was removed from the dark constant temperature room 
and vigorously stirred manually. 
2) The unit was placed on a magnetic stirrer and the contents stirred 
vigorously with the tefl.on stirring bar for approximately two 
minutes. 
3) With stirring continuing, two samples were withdrawn from the 
sampling port. If sufficient pressure had not been built up by 
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methane production, then nitrogen was introduced into the vessel to 
supply the pressure required to force the sample from the sampling 
port upon release of the "Castaloy" hosecock clamp. 
4) The first sample of approximately 100 ml was placed directly into 
a plastic bottle and designated the total sample, A second sample 
of approximately 150 ml was withdrawn into a 250 ml centrifuge 
bottle and centrifuged for about 30 minutes on an International 
Equipment Company Waltham Centrifuge. The supernatant was 
then filtered through Whatman glass pads using a Millipore Filter 
Apparatus. The filtrate was collected and placed in another plastic 
bottle and designated the soluble fraction. 
5) Both the total and soluble samples were then placed in a freezer at 
-30'C and kept frozen until analyzed. For analysis the samples 
were thawed at +4'C in a refrigerator. 
D. Sampling Schedule 
As algae grew they incorporated nitrogen into their cell structure. The 
ammonia nitrogen concentration was observed periodically, and after the 
ammonia nitrogen concentration reached zero, the algae was by definition 
growing under nutrient-deficient conditions. Three samples were removed 
from each growth vessel, one at the onset of nutrient-deficient conditions, 
and two others 15 and 30 days later. Consequently, samples were obtained 
from each algal culture characteristic of 0, 15, and 30 days nutrient-deficient 
growth. 
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Each sample described above was separated into two portions. One 
portion was placed into an anaerobic decomposition vessel, the other into an 
aerobic decomposition vessel. 
Sampling from this point on will refer to removal from the decomposition 
vessels at predetermined time periods for the aerobic and anaerobic decomposi-
tion studies. The next section enumerates the analyses performed on these 
samples. 
E. Analyses 
1. Total Sample. The total sample was analyzed by the procedures 
described in the next section entitled "Analytical Procedure" for the following: 
a. Chemical Oxygen Demand 
b. Total Phosphorus 
c. Total Kjeldahl Nitrogen (Organic plus Ammonia Nitrogen) 
d. Total Suspended Solids 
e. Volatile Suspended Solids 
f. Total Lipids 
2. Soluble Fraction. The soluble fraction was analyzed by the 
procedures given in the next section for the following: 
a. Chemical OXYgen Demand 
b. Total Phosphorus 
c. Total Kjeldahl Nitrogen (Organic plus Ammonia Nitrogen) 
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CHAPTER IV 
ANALYTICAL PROCEDURES 
Described within this section are the analytical techniques used to 
determine the various parameters considered in this study. Except where 
indicated, the laboratory procedure used was identical to that in Standard 
Methods for the Examination of Water and Wastewater (1). 
A. Chemical Oxygen Demand (COD) 
The procedure used for the COD determination was the dichromate reflux 
method as presented in Standard Methods, pp. 510-514. 
B. Total Phosphorus 
The following procedure was used to determine the total phosphorus 
concentration of the samples. (1) One ml of a 70 gm/I magnesium chloride 
reagent was added to each sample in a vycor dish. The mixture was then 
evaporated to dryness in a 103' C oven and burned for 10 minutes at 600' C in 
a muffle furnace. This step converts organic phosphorus to magnesium 
pyrophosphate as described by Sawyer and McCarty (2), p, 471. (2) After 
cooling, 25 ml of distilled water and 1 drop of phenolphthalein indicator were 
added to the vycor dish. Six-tenths ml of the strong acid solution was added 
to the dish and the samples were heated at 15 psi for 30 minutes. Polyphos-
phates are hydrolyzed to orthophosphates by boiling in strong acid as described 
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in Standard Methods, p. 236-237, (3) The stannous chloride method as 
described in Standard Methods, p. 234-236, was used to determine the total 
phosphorus concentration measured as orthophosphate. The contents of the 
vycor dish were added to a 50-ml nessler tube with. 2 or 3 rinses. The 50-ml 
nessler tubes were used instead of the 100-ml nessler tubes detailed in Standard 
Methods with a proportionate decrease in the quantities of reagents. A Beck-
man DB Spectrophotometer was employed at a wave-length. of 690 mµ to 
photometrically make the color determinations. Sample sizes were chosen so 
as to contain approximately O. 005-0, 03 mg phosphorus, corresponding to 
82-30% transmission on a previously developed calibration curve, respectively. 
At least one standard in the concentration range and a blank were run with. each 
set of samples. 
C. Total Kjeldahl Nitrogen 
The micro Kjeldahl digestion procedure, which converts organic nitrogen 
to ammonia nitrogen, was used to determine the total Kjeldahl nitrogen concen-
tration of the samples. This was followed by ammonia nitrogen steam distillation 
and nesslerization. The reagents used are described in Standard Methods, 
p, 193-194, 402-404, Each sample, along with. 5 ml acid-sulfate digesting 
solution, and 4 or 5 Hengar Granules were added to a 200 ml distillation flask 
and placed on a micro Kjeldahl heating apparatus. The samples were digested 
until colorless, then 20 minutes more. The samples were cooled after 
digestion and approximately 30 ml distilled water and 2 drops of phenolphthalein 
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indicator were added. After neutralization to the phenolphthalein end-point with 
sodium hydroxide, the mixture was steam-distilled and approximately 20 ml of 
the condensate was collected in a 50-ml nessler tube and diluted to the 50-ml 
mark with distilled water. After adding 1 ml nessler's reagent, mixing, and 
allowing approximately 30 minutes for color development, the color was 
measured on a Beckman DB Spectrophotometer at a wave-length of 410 mµ. 
Sample sizes were chosen so as to contain approximately 0. 05-0. 20 mg of 
nitrogen, corresponding to 60-18% transmission, respectively on a previously 
developed calibration curve. At least one standard in this concentration range 
and a blank were run with each set of samples. 
D. Suspended Solids 
The suspended solids concentration of a sample was determined by the 
glass fiber filter technique described by Wyckoff (3) using Whatman Glass Fibre 
Paper, Grade GF/C, 4. 25 cm diameter. For increased accuracy, as large 
a sample size as possible was used which did not cause an excessively slow 
flow rate through the filter. 
1. Total Suspended Solids. The total suspended solids concentration 
was determined by filtering the samples through Whatman glass pads using a 
Millipore Filter Apparatus and drying the pads and residue to constant weight 
in a 103°C oven. The total suspended solids content was determined as the 
weight of the residue. 
2. Volatile Suspended Solids. The filter pads from the total suspended 
solids analysis were burned in a muffle furnace at 580°C for 10 minutes. 
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The portion of the total suspended solids which was lost during combustion was 
termed the volatile suspended solids. Care was taken to maintain the temper-
ature in the furnace below 600' C, the melting point of the glass filter pads. 
E. Total Lipids 
The total lipid content of the samples was determined by a modification 
of the wet extraction procedure developed by Loehr and Rob.Heh (4). The 
procedure employed was described by Foree and Tapp (8) in phase one of this 
research project and will not be repeated here. Chloroform was used to 
extract the lipids from the algal material. The total lipid content of the 
samples was determined as the residue remaining after the evaporation of the 
chloroform. 
The assumption was made and substantiated (8) that sufficient calcium 
and magnesium were present in the growth medium to precipitate any lipid 
material which could potentially be released into solution. Therefore, lipid 
analysis was not made on the soluble fraction, 
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CHAPTER V 
RESULTS AND DISCUSSION 
A. General Comments 
Algal cultures decomposing in dark anaerobic and aerobic, constant 
temperature environments were sampled periodically and analyzed for COD, 
Kjeldahl nitrogen, phosphorus, volatile solids, and lipids. The data obtained 
from these analyses provided the basis for the results presented in this 
section. The major objectives of this study were to evaluate the relationship 
between initial algal composition and extent of decomposition and nutrient 
regeneration, and to further evaluate the mathmatical model developed by 
Foree, Jewell, and McCarty (5, 6, 33) for predicting the extent of nitrogen 
and phosphorus regeneration. A summary of the experimental results of the 
anaerobic and aerobic studies is presented in Appendix B. 
1. Algal Cultures Used. Three unialgal cultures and one mixed 
culture were studied in this research. The same algal species were used in 
this study as in Foree and Tapp's (8) study of chemical composition and 
nutrient uptake and the inoculation and growth procedures were identical to 
theirs. Inocula for the unialgal cultures were obtained from the Indiana Univ-
ersity Collection (35). 
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Unialgal cultures of the green algae Chlorella pyrenoidosa and Scenedesmus 
quadricauda were used. These are generally found in waste stabilization 
• lagoons and many natural waters. A unialgal culture of the blue-green alga 
Anabaena sp. was studied. This is a typical nuisance causing alga found in 
many lakes and reservoirs in the United States and is capable of atmospheric 
nitrogen fixation. The inoculum for the mixed culture, termed Kentucky 
Mixed, was taken from a pond in Kentucky. 
Presented in Table 5.1 are the characteristics of the algal cultures used. 
All samples indicated were subjected to 200 days of anaerobic and aerobic 
decomposition. 
TABLE 5.1 
Characteristics of Algal Cultures 
Nutrient-Deficient 
Sam[!le No. Algal Culture Growth (Days) 
C-0 Chlorella 0 
C-15 Chlorella 15 
C-30 Chlorella 30 
S-0 Scenedesmus 0 
S-15 Scenedesmus 15 
S-30 Scenedesmus 30 
A-0 Anabaena 0 
A-30 Anabaena 30 
K-0 Kentucky Mixed 0 
K-15 Kentucky Mixed 15 
• K-30 Kentucky Mixed 30 
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2. Environmental Faotors. The algal cultures were allowed to decom-
pose at a constant temperature of 20' C. Past research (5) within the range of 
15' C to 25' C indicated that temperature affects the rate, but not the extent of 
decomposition over this temperature range. 
Adequate buffer was provided to guard against severe drop in pH. The pH 
of the aerobic decomposition vessels ranged from pH 8. 8 to 8. 9 while the range 
for the anaerobic vessels was pH 6. 7 to 7. 5. Due to the production of volatile 
acids during anaerobic decomposition, the pH may drop below a critical value 
found by Foree and McCarty (6) to be about pH 6. 3, However, the pH during 
anaerobic decomposition always remained above this critical level in this study, 
Availability of carbon and light remained constant during growth for all 
cultures. Excess carbon was supplied to the cultures during the entire growth 
period by continuous aeration with a 98% air-2% carbon dioxide mixture. 
Continuous lighting of about 500 foot-candles at the culture vessel surface was 
supplied by 40 watt fluorescent bulbs. 
B. Decomposition 
1. Extent of Decomposition. The extent of both anaerobic and aerob.ic 
decomposition was determined by percentage particulate COD (M) and volatile 
suspended solids (S) remaining after 200 days decomposition. The average 
percentage S remaining after 200 days of anaerobic and aerobic decomposition 
was 74 and 42%, respectively, with a corresponding percentage M remaining of 
64 and 39% (see Figures 5. 1 and 5. 2). These results indicate a greater extent 
of decomposition under aerobic than anaerobic conditions. 
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Foree and McCarty (6) reported an average of 39. 5% volatile suspended 
solids remaining after 200 days of anaerobic decomposition. Aerobic studies 
by Jewell and McCarty (5) indicated 50. 2% total suspended solids remaining 
after various lengths of decomposition, most of which were greater th.an 200 
days. Foree and McCarty (6) indicated that both. anaerobic and aerobic 
decomposition and nutrient regeneration were not significant after 200 days. 
Generally, tb.e differences between tb.e extents of anaerobic and aerobic 
decomposition for each culture was not as great as that observed for tb.e 
Kentucky Mixed cultures (Figures 5.1 and 5. 2). This culture contained an 
indigenous population of bacteria and microscopic animals wb.ich b.ad been 
present during the growth. period. Wb.en the culture was seeded and subjected 
to an anaerobic environment the majority of the initial population of microscopic 
animals probably could not survive. Tb.us tb.eir effect on anaerobic decomposition 
was probably negligible and tb.e extent of anae yo!.,!.<: decomposition was relatively 
the same as the otb.er cultures studied. However, when tb.e Kentucky Mixed 
culture was seeded and .subjected to dark-aerobic decomposition conditions, 
this indigenous population of microscopic animals could b.ave · b.ad an effect on 
the extent of decomposition. Certain animals could have been present which. 
were more capable of decomposing the algal matter th.an tb.ose microorganisms 
supplied by tb.e activated sludge mixed liquor seed. If such. was the case, then 
th.is would explain tb.e significantly greater extent of aerobic th.an anaerobic 
decomposition. 
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Figures 5. 1 and 5. 2 indicated that Scenedesmus was the least decompos-
able followed by Chlorella, Anabaena and Kentucky Mixed which underwent 
the greatest extent of decomposition, 
Jewell and McCarty (5) indicated that culture age has an effect on algal 
decomposition. Usually the extent of decomposition and nutrient regeneration 
decreases with culture age, i.e., young cultures decompose to a greater 
extent than do older cultures. However, examination of Figures 5.1 and 5. 2 
reveals no such trend. Previous research (5) indicated that %M remaining 
decreases with culture age until some time between 20 and 40 days of nutrient-
deficient growth, then begins and continues to increase out to culture ages of 
220 days. This indicates that samples taken in the short range of O to 30 days 
nutrient-deficient growth probably will not exhibit a general trend. Consequently, 
generalizations concerning extent of decomposition and nutrient regeneration 
with respect to culture age over this relatively short range cannot be justified 
from these results. 
2. Composition of Refractory Material. Presented in Table 5. 2 are 
quantities and characteristics of the initial and refractory material remaining 
after 200 days of anaerobic and aerobic decomposition. These compositions 
may be estimated knowing %N and the M/S ratio by employing Equations 2. 9, 
2. 10, 2. 11. Enumerated in Table 5. 3 are the results of these calculations. 
Considerable difficulty was encountered with the lipid analysis, and the results 
were felt to be unreliable. Therefore the lipid contents were estimated by 
calculation with Equation 2.10 instead of using directly measured values. 
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,, TABLE 5.2 
Quantities and Characteristics of Refractory Material 
Remaining After 200 Days of Anaerobic and Aerobic Decomposition 
Anaerobic 
Initial Refractory 
No. %N M/S %,N M/S 
C-0 9.5 1. 61 6.2 1. 29 
C-15 4.1 2.01 3.7 1. 85 
C-30 2.7 2.20 2.2 1. 93 
s-o 8.2 1. 40 7.2 1.29 
S-15 3.3 1. 59 3.7 1. 49 
S-30 3.2 1. 50 4.3 1. 51 
A-0 18.1 2.68 11. 6 1.11 
A-30 8. 6 1. 65 7,2 1. 29 
K-0 5.9 1. 39 6.2 1.16 
K-15 3.0 1. 96 3.2 1. 86 
K-30 3.3 1. 89 5.1 1. 96 
mean 6.4 1. 81 5.5 1. 52 
Aerobic 
Initial Refractory 
No. %N M/S %N M/S 
c-o 8.1 1.57 7.6 1. 89 
C-15 3.8 1. 97 6.6 1. 84 
C-30 2.8 2.41 4.5 2.07 
S-0 8.7 1. 52 8.3 1. 52 
S-15 2.7 1.63 3.9 1. 85 
S-30 3.6 1. 54 5.4 1. 51 
A-0 13.0 2.79 8.2 1.11 
A-30 7.2 1. 54 6.1 1. 23 
K-0 9.1 1.85 7.6 1. 04 
K-15 2.3 1. 92 3.6 1. 85 
K-30 3.5 2.06 5.2 1. 80 
mean 5.9 1. 89 6.2 1. 61 
- 49 -
TABLE 5. 3 
Calculated Composition of Initial and Refractory 
Algal Organic Matter 
Anaerobic 
% Protein % Lipid % Carbohydrate 
No. Initial Final Initial Final Initial Final 
C-0 59 39 16 3 25 58 
C-15 26 23 46 38 28 39 
C-30 17 14 59 44 24 42 
S-0 51 45 6 1 43 54 
S-15 21 23 8 2 71 75 
S-30 20 27 19 2 61 71 
A-0 90 72 10 0 0 28 
A-30 54 45 19 1 27 54 
K-0 37 39 9 0 54 61 
K-15 18 20 45 39 37 41 
K-30 21 32 41 42 38 26 
mean 38 34 25 16 37 50 
Aerobic 
C-0 51 47 6 34 33 19 
C-15 23 41 44 33 33 26 
C-30 18 28 70 49 12 23 
s-o 55 52 12 12 33 26 
S-15 17 24 27 38 56 38 
S-30 23 34 21 16 56 50 
A-0 81 51 19 0 0 49 
A-30 45 38 15 0 40 62 
K-0 57 47 30 0 13 53 
K-15 15 22 44 38 41 40 
K-30 22 33 50 33 28 34 
mean 37 38 32 23 31 39 
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In general, the percent lipids remaining in the refractory material 
increased with culture age for both anaerobic and aerobic decomposition (see 
Table 5. 3). The only exception was the aerobically decomposed Scenedesmus 
culture. The lipid content increased at 15 days nutrient-deficient growth but 
decreased at a culture age of 30 days to nearly the same lipid content as 
observed initially. The protein content in the refractory material generally 
decreased with increasing culture age for both the anaerobic and aerobic studies . 
. A trend with respect to carbohydrate content in the refractory was dependent on 
the culture in question. The Chlorella and Kentucky Mixed cultures exhibited 
a decreasing carbohydrate content in the refractory material with increasing 
culture age for both anaerobic and aerobic decomposition, . The Scenedesmus 
and Anabaena cultures exhibited just the opposite trend for both anaerobic and 
aerobic decomposition. 
3. Comparison of Initial Composition and Extent of Decomposition. It 
would be beneficial if a correlation between the initial composition of algal 
matter and the extent to which It would decompose could be determined. For 
anaerobic and aerobic decomposition (Figure 5. 3) there seems to be some type 
of general relationship. As the initial protein content increased the extent of 
decomposition increased (the %M remaining decreased). Although this is not 
a linear relationship, a general trend may be observed. 
A plot of percent initial carbohydrate against %M remaining for anaerobic 
decomposition is presented in Figure 5. 4. As carbohydrate content increased 
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the extent of anaerobic decomposition generally decreased (%M remaining 
increased). 
The majority of researchers are in agreement that the percentage lipids 
increases· with age of certain algae. Chlorella is a classic example. In 
general all cultures exhibited this phenomenon (Table 5. 3). It may also be 
noted that the percentage lipids remaining in the refractory material also 
increased with age, however, more so for anaerobic than aerobic decomposition. 
Figure 5. 5 presents percent initial lipid plotted against %M remaining. 
The data points are extremely scattered and an attempted curve would be 
quite bold. However, a possible trend downward to the right may be observed. 
In such a case the extent of decomposition increased with increasing lipid 
content. 
Thus these results indicate that the extent of both anaerobic and aerobic 
decomposition increases with increasing protein and lipid content while 
decreasing with increasing carbohydrate content. Although these results do 
not indicate an explicit relationship between initial composition and extent of 
decomposition, the general trends seem to be Justified. 
C. Regeneration of Nitrogen and Phosphorus 
Generally the total Kjeldahl nitrogen and total phosphorus remained 
constant during anaerobic decomposition. However, a gradual decrease in 
the total Kjeldahl nitrogen was observed in the aerobic decomposition vessels 
due to nitrification by autotrophic microorganisms. Since total Kjeldahl 
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, 
nitrogen measures the organic+ ammonia nitrogen, a decrease would occur, 
due to the oxidation of ammonia nitrogen to nitrite and nitrate nitrogen which 
are not measured in this test. The total phosphorus remained relatively 
constant throughout the period of study. 
L Extent of Nutrient Regeneration. After 200 days of anaerobic 
decomposition an average of 73% of the initial nitrogen and 55% of the initial 
phosphorus remained. During the same period of aerobic decomposition 54% 
and 46% of the initial nitrogen and phosphorus, respectively, remained (see 
Figures 5. 6 and 5, 7). The greater extent of nutrient regeneration for aerobic 
decomposition could be expected due to the greater extent of aerobic decomposi-
tion. However, for certain cultures this trend did not hold. For the 
Chlorella cultures of 15 and 30 days nutrient-deficient growth, greater than 90% 
of the nitrogen remained after 200 days aerobic decomposition and nitrogen 
was regenerated to a greater extent for anaerobic decompositi_on. The samples 
of culture ages of O and 30 days exhibited a greater extent of phosphorus 
regeneration for anaerobic than for aerobic decomposition. For tile Kentucky 
Mixed cultures of O and 30 days nutrient-deficient growth, a greater extent of 
phosphorus regeneration was observed for anaerobic than for:aerobic decomposi-
tion. 
2. Evaluation of Model for Predicting the Extent of Nutrient Regeneration. 
The mathmatical model proposed by Foree, Jewell and McCarty (5, 6, 33) was 
used to predict the extent of nutrient regeneration. This model was discussed 
and developed in Chapter II. On the subsequent evaluation of the model, the 
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predicted refractory nitrogen and phosphorus concentrations were calculated 
from Equations 2. 2 through 2. 5. 
There were certain parameters which must be assumed in order to 
employ this model. One was the fraction of synthesized decomposer COD 
remaining in the refractory material (f
2
). Another parameter which must be 
determined is the limiting fractional nitrogen a..11d phosphorus content for excess 
regeneration termed f and f , respectively. For each assumed value of f
2 nc pc 
an optimum value of f and f can be determined. This can be accomplished 
nc pc 
by selecting that value of f or f which corresponds to a zero algebraic 
nc pc 
percentage for the entire group of cultures as illustrated later. The percentage 
error was determined as the predicted percentage nutrient remaining minus 
the measured percentage nutrient remaining, 
A characteristic of the model is that for each determined value of f or 
nc 
· fpc' only those samples with a nitrogen or phosphorus content greater than 
this f of f will be affected by a positive incremental change in f or f • 
oo -~ oo pc 
For this reason, one ortwo samples with a high nitrogen or phosphorus fraction 
may affect the optimum value obtained by this technique. In such a case a 
judgement must be made. 
It was desired to test the sensitivity of the model to changes in f
2
. By 
varying f
2 
optimum values {.corresponding to zero algebraic error for a group 
of cultures) of f and f could be determined for each r
2
. Figure 5. 8 shows 
nc pc 
that. when the entire group of cultures studied are taken together f and f are 
nc pc 
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much more sensitive to change in f
2 
under aerobic than anaerobic conditions. 
Consequently, greater care must be observed in selecting a value of f
2 
for 
aerobic decomposition. 
In Figure 5. 9, f was plotted against f
2 
for a unialgal culture only, 
nc -
Chlorella, and the Kentucky Mixed culture only, in order to ascertain whether 
f
2 
was dependent on algal species. These curves indicated a marked difference 
between the f
2 
vs. f or f relationship when all the cultures are taken as a 
nc pc 
group (Figure 5. 8) and when each species is taken separately (Figure 5. 9). 
Further research is needed to further evaluate this phenomenon and its effect 
on the model for predicting the extent of nutrient regeneration. These results 
indicate that there is a unique value for the critical level for excess nitrogen 
regeneration, f , for each species and when this value is selected, optimum 
nc 
results in predicting the extent of nutrient regeneration can be obtained over 
a rather wide range of f
2 
values (horizontal lines in Figure 5. 9). This is as 
expected, i.e. , each species should have its own critical level for excess 
nutrient regeneration. Figure 5. 9 also indicates that this is applicable to 
anaerobic phosphorus regeneration but not necessarily to aerobic phosphorus 
regeneration. 
There is a unique value for f
2 
but it can not be measured in this kind of 
system and consequently must be estimated. The values of f
2 
for anaerobic and 
aerobic decomposition selected for use in the remainder of this report were 
0, 5 and O. 2~ respectively. These values seem to give reasonable results and 
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1.0 
1.0 
were the same indicated from studies of other biological systems and used in 
previous studies (5, 6, 33). 
Due to the difficulty in selecting values for the parameters describing the 
decomposer composition, fnd' fpd' and R, certain simplifications were attempted. 
Since the composition of aerobic and anaerobic microorganisms have generally 
been found to be quite similar, values for fnd' fpd' and R were assumed to be the 
same for both aerobic and anaerobic decomposition. Based on the values 
selected in the previous studies (5, .6, 33), logical values for fnd' fpd' and R 
seemed to be O. 107, O. 014, and 1. 32, respectively. Using these values, 
calculated vs. measured values for the extent of nitrogen and phosphorus 
regeneration were compared for various values for f . and f . The results 
. . 00 ~ 
are shown in Figure 5.10 for the entire group of cultures taken as a whole and 
indicate values off and f of about 0. 07 and O. 007, respectively, to give the 
nc pc 
minimum error of prediction. However, these values are slightly higher than 
those found by previous researchers (5, 6, 33) for f and f which were 0. 04 
nc pc 
and 0. 003, respectively. 
In past research (5, 6) the fraction of metabolized algae synthesized by 
decomposers (f
1
) was calculated for each culture as a function of algal organic 
' 
composition for anaerobic decomposition and assumed constant for aerobic 
decomposition. Since f
1 
and f
2 
always appear as the product f
1 
f
2 
(Equations 
2. 2-2. 5) the additional simplification that f
1 
f
2 
~ 0. 1 might be assumed for 
reasons discussed ih Chapter II. This additional simplification was employed 
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with the results shown in Figure 5. 11. Comparison of Figures 5. 10 and 5. 11 
indicated that the simplification (f/
2 
~ 0.1) yields almost identical results as 
before. However, further study would be necessary before permanently 
utilizing this simplification. 
Figures 5.12-5. 15 present the correlations between predicted and 
measured N and P remaining on a concentration basis after 200 days of both 
anaerobic and aerobic decomposition. The predicted N and P values. were 
calculated from Equations 2. 2-2. 5 using the values presented in Table 5. 4 
for the various parameters. 
TABLE 5.4 
Values for the Various Parameters Used in the Mathmatical 
Model for Predicting Extent of Nutrient Regeneration 
Anaerobic Aerobic 
fl Equation 2. 8 o. 5 
f2 o. 5 o. 2 
L 0.07 0.07 
nc 
f 0.007 0,007 
pc 
fnd 0.107 
0.107 
fpd .o .• 014 0.014 
R 1. 32 1. 32 
The nitrogen correlation was extremely good while the phosphorus correlation 
was a bit more scattered. A close examination of the data fails to reveal an 
explanation as to why certain predictions are worse than others. 
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A comparison of this study and previous studies (5, 6) with respect to 
decomposition and nutrient regeneration is presented in Table 5. 5, In all 
studies the time was sufficiently long so that decomposition was essentially 
complete. The average extent of decomposition was considerably greater in 
the anaerobic study by Foree and McCarty (6) than the anaerobic portion of 
this study, determined by both %M and %8 remaining. Close examination and 
comparison of the results of the two studies may suggest a possible explanation 
for this difference, however. In the previous study (6), a total of 25 cultures 
were allowed to decompose for 200 days excluding cultures in which decomposi-
tion was inhibited by low pH conditions. Of these 25 cultures 9 were collected 
from natural waters and resuspended in a synthetic growth medium for decom-
position. The average extent of anaerobic decomposition for this group was 
77% (23% S remaining). The remaining 16 cultures were allowed to decompose 
in their growth media and the average extent of decomposition was 54% (46% S 
remaining). These results strongly suggest decomposition may be significantly 
inhibited by substances present in the growth medium before decomposition. 
The extent of decomposition was also low in this study in which the cultures 
were allowed to decompose in their own growth medium. 
It is believed that certain algae are capable of producing extracellular 
substances which may inhibit the activity of decomposers (39). This suggests 
that those algal cultures subjected to decomposition in their own growth 
medium could have possibly produced extracellular substances during growth 
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No. of Cultures 
TABLE 5. 5 
Comparison and Extent of Decomposition and 
Nutrient Regeneration 
Aerobic 
(5, 33) (**l (6 1 33) 
44 11 21 
Decomposition Time * 200 200 
(days) 
% M (average) 42 39 41 
r 
%S (average) 50 42 40 
r 
% N (average) 50 54 60 
r 
% P (average) 52 46 40 
r 
Anaerobic 
'* Varied but majority greater than 200 days. with an average of 269 days. 
** Results from this study, 
(**) 
11 
200 
64 
75 
73 
55 
which inhibited the activity of the bacteria and microscopic animals comprising 
the potential decomposer population, thus resulting in a reduction in decomposi-
tion potential. However, further study in tllis area is needed before its signi-
ficance can be ascertained. 
The extent of nitrogen and pllosphorus regeneration was also less in tills 
study than Foree and McCarty's (6). This would be expected due to the relative 
extents of decomposition, 
A comparison of the results of this study and the aerobic work by Jewell 
and McCarty (5) shows a reasonably close correlation. The extents of 
decomposition were similar as well as the corresponding extents of nitrogen 
and pllosphorus regeneration. 
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CHAPTER VI 
SUMMARY 
Three unialgal cultures and a mixed culture containing an indigenous 
population of bacteria and microscopic animals, were studied under dark, 
constant-temperature laboratory conditions, After periods of nutrient-
deficient growth ranging from O to 30 days, these cultures were subjected to 
anaerobic and aerobic environments for the decomposition studies. After 
200 days of anaerobic decomposition, the percentage volatile suspended solids 
(% S) and percentage particulate COD (% M) remaining were 75% and 64%, 
respectively. For the same period of aerobic decomposition, the % S and % M 
remaining were 42% and 39%, respectively, indicating a greater extent of 
aerobic than anaerobic decomposition. Generally the difference between the 
extents of anaerobic and aerobic decomposition for each culture was not as 
great as that observed for the Kentucky Mixed cultures, The significantly 
greater extent of aerobic than anaerobic decomposition for this culture was 
attributed to the indigenous population of bacteria and microscopic animals 
which had been present during the growth period. Scenedesmus was least 
susceptible to decomposition, followed by Chlorella, Anabaena, and finally 
Kentucky Mixed which had the greatest extent of decomposition. 
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Although previous research (5) suggested that the extent of decomposition 
is affected by culture age, no trends were indicated from the results of this 
study. This was probably due to the short range of culture ages as defined by 
the time of nutrient-deficient growth (0-30 days). 
The composition of the initial algal material was estimated by employing 
Equations 2. 9-2.11. The results of these calculations indicated that the extent 
of both anaerobic and aerobic decomposition increased with increasing protein 
and lipid content and decreased with increasing carbohydrate content. 
The percent lipids remaining in the refractory material increased with 
culture age for both anaerobic and aerobic decomposition except for a slight 
variation with the aerobically decomposed Scenedesmus culture. The protein 
content in the refractory material generally decreased with age while the trend 
with respect to carbohydrate content was dependent on the culture in question. 
The Chlorella and Kentucky Mixed cultures exhibited a decreasing carbohydrate 
content in the refractory material with age while Scenedesmus and Anabaena 
cultures exhibited just the opposite trend. 
The results of this and previous studies (5, 6) strongly suggest that 
extracellular substances produced by algae during growth may significantly 
inhibit decomposition when it occurs in the same medium as growth. 
A fraction of the initial nitrogen and phosphorus was held within the 
apparently non-biodegradable portion of algal matter. After decomposition 
was essentially complete (200 days), 73% and 55% of the initial nitrogen and 
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• 
phosphorus, respectively, remained in the anaerobic cultures while in the 
aerobic cultures, 54 and 46% of the initial nitrogen and phosphorus, respectively, 
remained. 
The mathmatical model proposed by Foree, Jewell, and McCarty (5, 6, 
33) for predicting the extent of nutrient regeneration (Equations 2. 2-2. 7) was 
evaluated. The model was found to be more sensitive to changes in the fraction 
of synthesized decomposer COD remaining in the refractory material (f
2
) for 
aerobic than anaerobic decomposition. The combinations of f
2 
and the critical 
levels for excess nitrogen or phosphorus regeneration, f or f , to give the 
nc pc 
optimum correlation between measured and predicted regeneration were signi-
ficantly different when algal species were considered separately than when 
taken as a group. Various other parameter assumptions and model simplifi-
cations were also evaluated. 
Optimum correlation between measured and predicted regeneration 
under both aerobic and anaerobic conditions was obtained for critical levels 
for excess nitrogen and phosphorus regeneration off = 0. 07 and f = 0. 007, 
nc pc 
respectively. This indicates that when the initial nitrogen and phosphorus 
contents of algae are greater than 7% and O. 7%, excess regeneration will occur 
during decomposition, and when less than 7% and O. 7% proportional regeneration 
will occur. These values are greater than those found by previous investigators 
(33) of 4% and O. 3% . 
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CHAPTER VII 
CONCLUSIONS 
1. The extent of aerobic decomposition was greater than anaerobic decomposi-
tion. 
2. The extent of aerobic decomposition for the Kentucky Mixed culture was 
much greater than anaerobic decomposition. This large difference was attributed 
to the presence of an indigenous population of microscopic animals. 
3. Scenedesmus was least susceptible to decomposition, followed by Chlorella, 
Anabaena, and finally Kentucky Mixed which had the greatest extent of 
decomposition. 
4. The extent of both anaerobic and aerobic decomposition increased with 
increasing initial protein and lipid content while decreasing with increasing 
initial carbohydrate content. 
5. The lipid content in the refractory material increased while the protein 
content decreased with culture age. 
6. The carbohydrate content in the refractory material decreased with 
culture age for Chlorella and Kentucky Mixed while exhibiting the opposite trend 
for Scenedesmus and Anabaena. 
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7. Extracellular substances produced by algae during growth may significantly 
inhibit decomposition when it occurs in the same medium as growth. 
8. The nutrients nitrogen and phosphorus were regenerated to a greater 
extent under aerobic than anaerobic decomposition. 
9. There appears to be a unique value for the critical level for excess nitrogen, 
phosphorus regeneration (f , f ) for each algal species. The values of f , 
nc pc nc 
f which gave the optimum correlation between measured and predicted 
pc 
regeneration for the entire group of cultures were 0. 07, 0. 007. 
10. Nutrient regeneration can be predicted as well when the composition 
(nitrogen content, phosphorus content, and COD/weight ratio) of the decomposers 
is assumed the same for aerobic and anaerobic decomposition as when different 
compositions are assumed. 
11. The extent of decomposition and nutrient regeneration and the values for 
f and f are unique for each algal culture and average values only give 
nc pc 
indications of the characteristics of a particular group of cultures under study. 
The following generalizations were found to hold when comparing the results of 
this study with those of previous studies (5, 6, 33, 40): (1) The average extent 
of anaerobic decomposition was less. (2) The average extent of nutrient 
regeneration under anaerobic conditions was less. (3) The average values for 
f and f were greater for both aerobic and anaerobic conditions. 
nc pc 
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APPENDICES 
__, 
~ 
• • 
APPENDIX A 
PR:XiRAM TO PREDICT EXTENT 
NITKGEN AND PHOSPHORUS 
REGENERATION 
DIMENSION NO (100), CI(lOO), SI(lOO), XI(lOO), YI(lOO), CR(lOO), SR(lOO) 
lXR(lOO), YR(lOO), FI(lOO), FR(lOO) 
WRITE (6,2) 
WRITE (6,16) 
WRITE (6,17) 
WRITE (6 ,18) 
DO 140 J=2,3 
IF(J.LE.2) WRITE (6,21) 
IF(J.Gr.2) WRITE (6,22) 
WRITE (6,23) 
READ (5,1) FXD,FYD,FXM,FYM,F2,R,N 
DO 100 I=l,N 
READ (5,4) NO(I),CI(I),SI(I),XI(I),YI(I),FI(I),CR(I),SR(I),XR(I),YR 
1 (I) ,F2 (I) 
PRJTI = 625.*XI(I)/SI(I) 
IF(PRJTI.Gr.100.0)PRJTI=l00.0 
PRJTR = 625.*XR(I)/SR(I) 
IF(PRJTR.Gr,100.0)PRJTR=lOO.O 
FATSI = FI(I)/SI(I)*lOO.O 
IF(FATSI.Gr.100.0)FATSI=lOO.O 
FATSR = FR(I)/SR(I)*lOO.O 
IF(FATSR.Gr.100.0)FATSR = 100.0 
CARBOI = 100.0 - PRJTI - FATSI 
00 
0 
IF(CARBOI.LT.0.0)CARBOI=O.O 
CARBOR = 100. 0-PIDI'R-FATSR 
IF(CARBOR.LT.O.O)CARBOR=O.O 
RI=CI(I)/SI(I) 
RR=CR(I)/SR(I) 
WRITE (6, 24) NO (I) ,PIDI'I ,PRJI'R,FATSI ,FATSR,CARBOI ,CARBOR,RI ,RR 
100 CXJNrINUE 
FXM=O.O 
FYM=O.O 
F2=F2+0.l 
IX) 120 M=l,15 
IF(J.LE.2) WRITE(6,10) 
IF(J.Gl'.2) WRITE (6,11) 
WRITE(6 ,2) 
WRITE(6,3) 
FXM=FXM+.01 
FYM=FYM+.001 
SXERR=O.O 
SYERR=0.00 
SXER=O.O 
SYER=O.O 
NXE=O 
NYE=O 
SFXI=O.O 
SPXR=O.O 
SFYI=O.O 
SPYR=O.O 
SF=O.O 
SPCR=O.O 
00 110 I=l,N 
IF(J.LE.2) Fl=(.37-0.89*XI(I)/SI(I))*(SI(I)/CI(I))-0.061 
IF(J.GT.2) Fl=0.50 
F=SR(I)/SI(I)*lOO. 
PCR=CR(I)/CI(I)*lOO. 
FXI=XI(I)/SI(I) 
FYI=YI(I)/SI(I) 
00 ,... 
I 
• • 
XRP= (Fl*F2* (CI (I)-cR(I)) * (FXD-XI (I)/SI (I))) /R/ (1. 0-Fl*F2) +XI (I) *SR 
1 (I) /SI (I) 
IF(FXI.Gl'.FXM) XRP=(Fl*F2*(CI(I)-CR(I))*(FXD-FXM))/R/(1.0-Fl*F2)+S 
lR(I) *FXM 
IF (XRP.Gl'.XI(I)) XRP=XI (I) 
YRP=(Fl*F2*(CI(I)-cR(I))*(FYD-YI(I)/SI(I)))/R/(1.0-Fl*F2)+YI(I)*SR 
l(I)/SI(I) 
IF(FYI.Gl'.FYM) YRP=(Fl*F2*(CI(I)-cR(I))*(FYD-FYM))/R/(l.0-Fl*F2)+S 
lR(I) *FYM 
IF (YRP .Gr. YI (I)) YRP=YI (I) 
PXR=XR(I)/XI(I)*lOO.O 
PYR=YR(I)/YI(I)*lOO.O 
PXRP=XRP/XI(I)*l00.0 
PYRP=YRP/YI(I)*lOO.O 
IF(YI(I).EQ.0.0001) PYRP=O.O 
XERR=PXRP-PXR 
SXERR=SXERR+ABS (XERR) 
SXER=SXER+XERR 
YERR=PYRP-PYR 
SYERR=SYERR+l\BS (YERR) 
SYER=SYER+-YERR 
SFXI=SFXI+FXI 
SPXR=SPXR+-PXR 
SFYI=SFYI +FYI 
SPYR=SPYR+PYR 
SF=SF+F 
SPCR=SPCR+PCR 
WRITE (6 ,5)NO (I) ,Fl,FXI,XI (I) ,XR(I) ,XRP ,PXR,PXRP ,XERR,FYI, YI (I), 
lYR(I) , YRP ,PYR,PYRP, ~,F ,PCR 
IF (ABS (XERR) • GI'. 25. ) NXE=NXE+ 1 
IF (ABS (YERR) • GI'. 25 • ) NYE=NYE+ 1 
110 CONTINUE 
AXERR=SXERR/N 
AXER=SXER/N 
AYERR=SYERR/N 
AYER=SYER,/N 
AFXI=SFXI/N 
APXR=SPXR/N 
AFYI=SFYI/N 
APYR=SPYR,/N 
AF=SF/N 
APCR=SPCR/N 
WRITE ( 6, 20) AFXI ,APXR,AFYI ,APYR,AF ,APCR 
WRITE (6,19) F2 
WRITE(6,8) FXM 
WRITE ( 6, 6) AXERR 
WRITE(6,12) AXER 
WRITE(6,14) NXE 
WRITE(6,9) FYM 
WRITE ( 6, 7) AYERR 
WRITE ( 6, 13) AYER 
120 WRITE(6,15) NYE 
~ 130 CONTINUE 
140 CO\ITINUE 
1 FORMAT(6F5.0,I10) 
2 FORMAT (30X, 'NITRCX:;EN AND PHOSPHORUS REGENERATION FID1 DECXlMPOSIN 
lG Al.iliAE' //) 
3 FORMAT (lX,' NO Fl FXI XI XR XRP PXR PXRP 
!XE.RR FYI YI YR YRP PYR PYRP YERR PSR 
2 PCR' /) 
4 FORMAT (I3, 7X,10F7. OJ 
5 FORMAT(lX,!3,2F7.4,6F7.2,F8.5,3F8.3,5F7.2) 
6 FORMAT (lX, 'AVERAGE ABSOLUIE PERCENI'AGE ERROR FOR NITROGEN PREDIC 
j_'.I'ION = ' ,F4 .1/) 
7 FORMAT(lX, 'AVERAGE ABSOLUI'E PERCENI'AGE ERROR FOR PHOSPHORUS PREDIC 
iTICN = ' ,F4 .1/) 
8 FORMAT ( lX, 'ASSUMED LIMITING FRI\CTICNAL NITR!XIBN CONTENT FOR EXCE 
lSS REGENERATION = ' ,F8. 5/) 
9 FORMAT (lX, 'ASSUMED LIMITICN FRACTIONAL PHOSPHO RDS CONTENT FOR EXCE 
lSS REGENERATICN =' ,F8. 5/) 
10 FORMAT (]Bl, SOX, ' ANAEROBIC 1 //) 
11 FORMAT (1.Hl ,SOX,' AEROBIC'//) 
00 
"" I 
• • 
12 FORMM (1.X, 'AVERAGE ALGEBRAIC PEOCENI'AGE ERROR FOR NITRl'.XiEN PREDIC 
lTION = ',F5.ll) 
13 FORMAT (1.X, 'AVERAGE ALGEBRAIC PERCENTAGE ERROR FOR PHOSPHORUS PRED 
lICTION = ',F5.ll) 
14 FORMAT (1.X, 'NUMBER OF NITRl'.XiEN PREDICTION EROORS GREATER THAN 25% = 
1 ',I2I) 
15 FORMAT (1.X, 'NUMBER OF PHOSPHORUS PREDICTION ERRORS GREATER THAN 25% 
l = ~,I2I) 
16 FORMAT (lOX, 'CXlNSTAN.rS USED - ANAEIDBIC, AEROBIC' I I' DECOMPOSER NI 
lTR:JGEN FRACI'ION = 0.107,0.07'1' DECOMPOSER PHOSPHORUS FRACTION= 0 
2.01, 0.014'1' COD/VSS RATIO FOR DE.CX:MPOSERS = 1.22,1.42'/II) 
17 FORMAT (lOX, 'EXPLANATION OF SYMBOI.S'II ' NO= SAMPLE NUMBER' I' Fl= F 
lRACTION OF ALGAL COD SYNTHESIZED' I' FXI= INITIAL FRACNONAL NITR03 
2EN CONTENT, BY WEIGHT' I' XI ,XR= INITIAL, REFRACIORY MEASURED NITRCG 
3EN CONCENI'RATION' I' XRP= PREDICI'ED RE;ffiACIORY NI'I'RO'.:EN CON::::EN'I'RATI 
4CN'I' PXR,PXRP= MEASURED,PREDICTED REFRACTORY NITRCGEN AS PEOCENTA 
5GE OF INITIAL I I' :iaIBR= ERROR IN NITRCGEN PREDICTION AS PEICENTAGE 
60F INITIAL.'/' FYI= INITIAL FRACI'IONAL PHOSPHORUS CONTENT, BY WEIGH 
7T' I' YI, YR= INITIAL, REFRACTORY MEASURED PHOSPHORUS CONCENTRATION' I 
8' YRP= PREDICTED REFRl\CTORY PHOSPHORUS CONCENTRATION' ) 
18 FORMAT (' PXR,PXRP= MEASURED,PREDICTED REFRACTORY PHOSPHORUS AS P 
lERCENTAGE OF INITIAL' I' YERR= ERROR IN PHOSPHORUS PREDIC-.rION AS PE 
2RCENTAGE OF INITIAL' I I I> 
19 FORMAT(/1.X, 'ASSUMED FRACTION OF SYNTHESJ.7.ED DECOMPOSER COD REMIUNIN 
lG IN REFRACIORY = ',F4. ll) 
20 FORMAT (11.X,'AVG' ,7X,F7.4,21.X,F7.2,14X,F8.5,24X,F7,2,l4X,2F7.2II) 
21 FORMAT (1HI,33X, 'ORGANIC COMPOSITION-ANAEROBIC' I/) 
22 FORMAT (1Hl,33X, 'ORGANIC CCMPOSITION-AEROBIC' II) 
23 FORMAT(15X, 'PEICENTAGE ProrEIN' ,14X, 'PERCENTAGE LIPID' ,lOX, 'PERCEN 
lTAGE CARBOHYDRATE' I l13X, ' INITIAL FINAL' 'INITIAL . 
2 FINAL INITIAL FINAL' ,6X, 'INITIAL R' ,lOX, 
3'REF R'II) 
24 FORMAT(I5,8Fl5.2) 
STOP 
END 
A summary of tb.e abbreviated symbols used in tb.e computer output is 
presented below. 
F2 
Fl 
FXI 
FYI 
XI 
YI 
XR 
YR 
XRP 
YRP 
PXR 
PYR 
PXRP 
PYRP 
XERR 
YERR 
PSR 
PCR 
Fraction of synthesized decomposer COD remaining in refractory. 
Fraction of algal COD synthesized. 
Initial fractional nitrogen content by weight. 
Initial fractional phospb.orus content by weight. 
Initial particulate nitrogen concentration (mg/1). 
Initial particulate phosphorus concentration (mg/1). 
Refractory particulate nitrogen concentration (mg/1). 
Refractory particulate pb.ospb.orus concentration (mg/1). 
Refractory particulate nitrogen concentration predicted (mg/1). 
Refractory particulate pb.ospb.orus concentration predicted (mg/1). 
Percentage nitrogen remaining in refractory. 
Percentage pb.ospb.orus remaining in refractory. 
Percentage nitrogen remaining in refractory predicted. 
Percentage pb.ospb.orus remaining in refractory predicted. 
PXRP - PXR 
PYRP - PYR 
Percentage volatile solids remaining in refractory, 
Percentage particulate COD remaining in refractory. 
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00 
"" 
• • 
Sample Output from Computer Program to Predict Extent of Nutrient Regeneration 
AEROBIC 
NITROGEN AND PHOSPHORUS REGENER4TION FRUM OECUMPOSING ALGAC 
NO Fl FXI XI XR XRP p,- PXRP XERR FYI YI YR 
lt2 0.1000 0.0810 l 7 .oo 6.05 b. 1 5 3~.59 36.19 0.01 0.01857 3.qoo 1.110 
-i-22 -o;rooo' 0.0111 21:90 25'.60 l 9 .04 91. 76 68.25 -23.51 0.00730 5.400 2.eoo 
132 0.1000 0.0200 22.40 2C.S5 19. 3 7 93.08 86.45 -6.63 0.00475 3.800 3.050 
212 0.1000 0.13JO 16 .90 2.45 3. 12 14.50 ld.49 1. qq o. 033d5 4.400 0.59'0 
232 0.1000 0.0121 99.50 23.30 31.88 zj.42 32 .04 ·a.63 0.00319 4.400 1.840 
312 0.1000 0.0908 16. 90 4.3n 4 0 R7 25.60 za.qq 3. 3q o. 00649 1.200 0.340 
322 0.1000 0.0234 ?. l. 20 5.05 13.71 2 3 .82 b4.bb 40.84 0.00541 4.900 0.890 
132-0.·1000 o.0346 20.40 13.bO 13.57 66.67 6'6.51 -0.15 0.00673 3.970 3.280 
412 0.1000 o.oa14 lb.bO 9.60 a:.40 57.83 ~0.63 -7.20 0.01842 3.500 2.100 
422 0.1000 0.0267 22.93 21.10 17.lS 92.02 74.97 -17.05 0.00419 3.600 l. 2 20 
432 0.1000 0.0364 11. 40 23.05 1 9. 69 73.41 62. 70 -10.71 0.004B7 4.200 2.870 
AVG 0.05119 54.33 0.01034 -----
ASSUMEO FRACTION UF ~YNTHESIZED DECOMPOSER COO REMAINING IN REFRACTJRY = 1. 0 
ASSUMED LIMITING FRACTIONAL NlTROGEN CONTENT FOR EXCESS REGENERATION= 0.07000 
A VER .i.G"e·-4 8 SOLUTE PERCENTAGE ERROR FOR NITROGEN PREDICTION= 11 • 2 
AVERAGE ALGEBRA.IC PERCENTAGE E:RROR FOR NITROGEN PREDICTION= -0.7 
NUMBER OF NITROGEN PREDICTION ERRORS GREATER THAN 25l = 
ASSUMED L(Ml'rING FRACTIONAL PHOSPHORUS CONTENT FOR excess REGENERATION 
AVERAGE ABSOLUTE PERCENTAGE ERROR FOR PHOSPHORUS PREDICTION= 17.5 
AVERAGE ALGEBRAIC PERCENTAGE ERROR FOR PHOSPHORUS PREDICTION * 1.0 
NUMBE°R-oF--PHOSPHORUs PREDICTION ERRORS GREATER THAN 25'1::: 3 
0.00100 
YRP 
O.bb5 
3. 168 
2.944 
0.404 
2. 121 
o.548 
1. 629 
2.209 
0.872 
2.b06 
2.615 
PYR PYRP YERR 
30.00 17.04 -12.96 
51. 65 58.61 6.82 
80.26 77 .48 -2.78 
13.41 9. l 8 -4.Z3 
41. 82 61. 84 20.02 
28 .33 45.70 17.37 
18. 16 37.33 l 9 .11 
82,62 55.65 -26.97 
62.29 24.91 -37.37 
33.89 72.'tO 38.51 
68.33 &2.27 -6.06 
46.45 
PSR PCR 
38. 10 46.05 
52.70 49.09 
57.50 't9. 39 
23.08 9. 22 
27. 68 22. l 7 
30.81 17.37 
15.47 14.91 
44. 07 38. 33 
60. 53 60.52 
63.37 71.98 
49.83 48.88 
42.10 38.90 
APPENDIXB 
Anaerobic 
N /N p IP Algae Culture Age M s N .f 
p 
f s /s M /M 0 .0 0 r 0 .0 r. 'O r 0 
Tl:l!e (Dars) mg/I mg/I mg/I 
no 
x 100 x 100 
po 
x 100 x 100 
r 0 
Chlorella 0 387 240 22. 8 , 095 44.7 7,3 • 030 6. 8 68.8 55.2 
Chlorella 15 1432 714 29.3 • 041 81. 2 5,8 , 008 82.8 90.3 83.5 
Chlorella 30 1848 840 23.0 . 027 51. 7 5.3 . 006 45.3 63.1 55.4 
Scenedesmus 0 377 270 22. 0 • 082 63.6 6,0 . 022 81. 7 72.2 66.7 
Scenedesmus 15 1395 880 29.4 . 033 93.2 8.6 • 010 75.6 85.2 80.0 
Scenedesmus 30 1445 966 30.5 • 032 94.8 6.0 • 006 93.3 69.9 70.6 
Anabaena 0 375 140 25.4 .181 43.3 5.9 . 042 15.2 67.9 28.0 
Anabaena 30 1810 1100 94. 9 • 086 74.1 4. 8 . 004 50.0 89.1 70.1 
Kentucky Mixed 0 334 240 14.2 • 059 70. 4 3.5 • 015 8.6 66.7 55.4 
"' Kentucky Mixed 15 1725 880 26.0 • 030 93, 5 6.1 . 007 65.6 86.9 82,5 a, 
Kentucky Mixed 30 1174 620 20.5 • 033 94.2 5.6 • 009 79.8 60.5 62.5 
mean .064 73.2 • 015 55.0 74.6 64.5 
Aerobic 
Chlorella 0 329 210 17.0 • 081 35. 6 3.9 • 019 30.0 38. 1 46,0 
Chlorella 15 1460 740 27. 9 • 038 91. 8 5.4 • 007 51. 8 52.7 49.1 
Chlorella 30 1927 800 22.4 • 028 93.1 3.8 • 005 80.3 57.5 49.4 
Scenedesmus 0 288 190 16.6 • 087 57. 8 3.5 • 018 62.3 60.5 60.5 
Scenedesmus 15 1404 860 22,9 • 027 92,0 3.6 • 004 33.9 63,4 72,0 
Scenedesmus 30 1330 863 · 31. 4 . 036 73. 4 4.2 • 005 68.3 49.8 48. 9 
Anabaena 0 362 130 16,9 .130 14.5 4.4 . 034 13.4 23.1 9.2 
Anabaena 30 2122 1380 99.5 • 072 23.4 4.4 • 003 41. 8 27.7 22.2 
Kentucky Mixed 0 342 185 16. 8' · • 091, 25,6 1.2 • 006· 28.3 30,8 17.4 
Kentucky Mixed 15 1742 905 21. 2 , 023 23.8 4.9 • 005 18.2 15.5 14.9 
Kentucky Mixed 30 1218 590 20.4 • 035 66;7 4.0 . 007 82.6 44.1 38. 3 
mean • 059 54.3 . 010 46.4 42.1 38.9 
. ' 
• 
• 
• 
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